ABSTRACT: Germination and subsequent development was assessed after seeds of Vanda tricolor were stored in liquid nitrogen. Mature seeds, harvested 7 months after self-pollination, were directly plunged into liquid nitrogen. Germination of cryopreserved seeds on solid New Dogashima (ND) medium supplemented with 1 mg/l 6-benzyladenine, 0.5 mg/l 1-naphthaleneacetic acid and 2% sucrose was faster than non-cryopreserved seeds (28 days versus 60 days after sowing). Immature seeds, harvested 6 months after self-pollination, were treated with or without loading solution (LS) of 2 M glycerol and 0.4 M sucrose in liquid ND medium, pH 5.4 at 25°C for 15 min and dehydrated with PVS2 solution for 0-210 min on ice and then cryopreserved by vitrification. The results showed that the germination percentage of cryopreserved seeds treated with LS was higher than without LS. After 90 days of sowing, the highest germination percentage of cryopreserved seeds was 13.6% which was higher than non-cryopreserved seeds (10.5%) when seeds were treated with LS for 15 min and then dehydrated with PVS2 solution for 180 min. After 150 days of sowing, protocorms of non-cryopreserved and cryopreserved seeds were able to form new protocorms (budding protocorms) and developed into shoots after 180 days of sowing. There were no significant differences between growth and development of protocorms derived from noncryopreserved and cryopreserved seeds.
INTRODUCTION
Orchid seeds are conventional in the sense that storing them under room or cold temperature reduce their viability over time 1 . To avoid this, cryopreservation of seeds is a feasible way of preserving their genetic diversity. Cryopreservation using liquid nitrogen (−196°C) is an important technique for longterm preservation without genetic alteration because extremely low temperature stops all biological activities 2 . Orchid seeds are very small, tolerant to freezing, and suitable for long-term preservation. It has been reported that seeds of Bratonia 3 , immature seeds of Bletilla striata 4 , and seeds of rare tropical orchids 1 could be frozen by directly plunging into liquid nitrogen.
Vitrification methods involve treatment of samples with a highly concentrated cryoprotective solution, such as plant vitrification solution formula 2 (PVS2), to induce dehydration of the cells which reduces the chances of intracellular ice formation during freezing in liquid nitrogen 2 . This method has been applied to many orchid species, such as zygotic embryos of B. striata 5 , cell suspension culture of Doritaenopsis 6 , seeds of Doritis pulcherrima 7 and V. coerulea 8 , and immature seeds of B. striata 4 and Ponerochis graminifolia var. suzukiana 9 . The most important requirement for success after cryopreservation is similar to that of germination and development of non-cryopreserved seeds. Under natural condition, orchid seeds require a symbiosis with fungi for growth and development 10, 11 . However, orchid seeds can germinate and develop in vitro. V. tricolor is an outstanding vandaceous orchid found on rocks or trees. It is native to East Java, Indonesia, and has large flowers with deep-coloured markings and fragrance. The aim of this work was to study the effect of V. tricolor seed stored in liquid nitrogen on germination and protocorm development in vitro.
MATERIALS AND METHODS

Plant material
The capsules of V. tricolor were harvested 6 months (immature seeds) or 7 months (mature seeds) after self-pollination from Tsukuba Botanical Garden, Tsukuba, Japan. The capsules were washed with running tap water for 3 min. Then, the capsules were brought inside a laminar air-flow cabinet, soaked in 95% ethanol for 1 min and then flamed with a lamp. The seeds were removed from the capsules and used for this study.
CRYOPRESERVATION Directly plunging into liquid nitrogen
Seeds from V. tricolor capsules harvested 6 and 7 months after self-pollination were transferred into 2 ml cryotubes, and then directly plunging into liquid nitrogen. After 1 day, the cryotubes were rapidly warmed in a water bath at 40°C for 1 min. Noncryopreserved and cryopreserved seeds were sown on solidified New Dogashima (ND) medium 12 supplemented with 1 mg/l 6-benzyladenine (BA) and 0.5 mg/l 1-naphthaleneacetic acid (NAA), 2% sucrose. The pH of the medium was adjusted to 5.4 with 1 N NaOH or 1 N HCl before the addition of 0.2% gellan gum 5 . The cultures were maintained at 25°C under dark conditions for 3 weeks, and then transferred under a light intensity of 62 µmol m
with a 16 h light/8 h dark photoperiod at 25°C. In this experiment, 0.05 g of seeds (300-400 seeds) was tested for each of five replicates.
Vitrification method
Seeds from V. tricolor capsules harvested 6 months after self-pollination were transferred into 2 ml cryotube, and then treated with or without loading solution (LS) of 2 M glycerol and 0.4 M sucrose in liquid ND medium, pH 5.4 at 25°C for 15 min. Following removal of LS, the seeds were dehydrated with PVS2 solution 2 . The PVS2 solution consisted of 30% (w/v) glycerol, 15% (w/v) ethylene glycol and 15% (w/v) DMSO in liquid ND medium with 0.4 M sucrose and pH 5.4 on ice for 0-210 min. After dehydration, the seeds were suspended into 1 ml of PVS2 solution in 2 ml cryotube and then directly plunged into liquid nitrogen. After 1 day, the cryotubes were rapidly warmed in a water bath at 40°C for 1 min. PVS2 solution was removed from cryotube and then 1 ml of liquid ND medium supplemented with 1.2 M sucrose were added to each tube and held for 20 min. Cryopreserved seeds were sown on solidified ND medium supplemented with 2% sucrose, 0.2% gellan gum and pH 5.4. Cultures were maintained under a light intensity of 62 µmol m −2 s −1 with a 16 h light/8 h dark photoperiod at 25°C 5 . As a control (non-cryopreserved), seeds were treated with or without LS, and then dehydrated with PVS2 solution in the same way as described above. PVS2 solution was removed and then 1 ml of liquid ND medium supplemented with 1.2 M sucrose was added for 20 min. Seeds were sown on solidified ND medium in the same way as described above.
In this experiment, 0.05 g of seeds (300-400 seeds) was tested for each of five replicates.
Water content
About 0.3 g of seeds was dried for 2 days with a dry incubator at 70°C. The percentage of water content was calculated on the basis of the fresh weight.
Germination percentage
In the directly plunged into liquid nitrogen method, germination percentage was calculated on the basis of protocorms or seedlings developed from noncryopreserved and cryopreserved seeds after 120 days of sowing. In the vitrification method, germination percentage was calculated on the basis of protocorms developed from non-cryopreserved and cryopreserved seeds after 90 days of sowing.
Development of protocorms
After 120 days of sowing, 100 protocorms per treatment (about 0.5 mm in diameter) developed from non-cryopreserved and cryopreserved seeds after cryopreservation by vitrification method were collected, and transferred on fresh solidified ND medium supplemented with 1 mg/l BA and 0.5 mg/l NAA, 2% sucrose, pH 5.4. Cultures were maintained under a light intensity of 62 µmol m −2 s −1 with a 16 h light/8 h dark photoperiod at 25°C 5 . The size of protocorms was measured after 150 days of sowing and the number of new protocorms developed from one protocorm was counted after 180 days of sowing. The number of new protocorms was calculated from the total of protocorms that formed new protocorms. The germination of seeds and the development of protocorms were observed under the microscope.
After 180 days of sowing, 50 seedlings were transferred to fresh solidified ND medium without plant growth regulator (BA and NAA) for the study of morphology of plantlets developed from noncryopreserved and cryopreserved seeds. 
Statistical analysis
Germination, size of protocorms, percentage of protocorms formed new protocorms and the number of new protocorms developed from non-cryopreserved and cryopreserved seeds was subjected to ANOVA and the means were compared using the least significant difference (LSD) test.
RESULTS AND DISCUSSION
Characteristic of V. tricolor capsules
The size of V. tricolor capsules harvested 6 and 7 months after self-pollination was 2 × 11 cm and 2.2 × 10.5 cm in length and the fresh weight of capsules was 16.06 g and 13.09 g, respectively. Seeds from the capsules harvested 6 months after selfpollination were yellow (immature seeds) and the seeds from capsules harvested 7 months after selfpollination were brown (mature seeds). The water content of seeds from capsules harvested 6 and 7 months after self-pollination measured was 45% and 40%, respectively (Table 1 ). There were significant differences between the water content of seeds from capsules harvested 6 and 7 months. The water content of seeds decreased with increasing time after selfpollination 4 .
Cryopreservation of seeds by directly plunging into liquid nitrogen
Germination of cryopreserved immature seeds occurred 30 days after sowing which was faster than non-cryopreserved (35 days) ( Table 1 ). The germination percentage of cryopreserved seeds was 10% which was lower than those of non-cryopreserved (26.4%). Conversely, the germination of cryopreserved mature seeds occurred 28 days after sowing, earlier than that of non-cryopreserved seeds (60 days). The germination percentage of cryopreserved seeds was 1.0% which was lower than those of noncryopreserved seeds (11.3%). These results indicate that mature seeds may have a dormancy mechanism that could have induced the accumulation of inhibitory substances or increased the impermeability of the embryo 13 . The seeds treated with liquid nitrogen could have depleted food reserves 3 , or storage in liquid nitrogen might result in partial breakdown of seed coat (testa).
Germination of mature seeds of V. tricolor occurred after the uptake of water after 15 days of sowing (Fig. 1a) . At this point the testa ruptured 20 days after sowing (Fig. 1b) . The protocorms emerged from the testa (Fig. 1c) and by 28 days of sowing developed a green colour (Fig. 1d) .
The water content in seeds is an important factor of their successful freezing 4 . However, in this experiment, immature seeds contained more water and germinated easier than the mature seeds. The immature seeds were used for the vitrification experiment to investigate whether a higher germination percentage could be obtained after cryopreservation.
Cryopreservation of immature seeds by vitrification method
The effects of LS and exposure time to PVS2 solution on germination of immature seeds after cryopreservation by vitrification method are shown in Fig. 2 . The germination percentage (13.6%) of cryopreserved seeds treated with LS was highest when exposed to PVS2 for the longest interval of 180 min. However, in cryopreserved seeds without LS, the highest germination was 10.8% when dehydrated with PVS2 solution on ice for 90 min. The LS treatment was very efficient in inducing dehydration and freezing tolerance in tissues 2, 4, 5 . In this case, the optimal exposure time shifted from 60 min to 90 min with LS treatment. This may mean LS treatment enhanced the osmoprotection by PVS2. However, the highest germination of noncryopreserved seeds with and without LS treatment was 7.2% and 13.9%, respectively. The germination of non-cryopreserved seeds decreased with LS treatment. The reason for this was not clear, but PVS2 solution and LS solution may stimulate germination of seeds.
The incubation time and temperature in PVS2 solution are critical to the germination of cryopreserved seeds because over-exposure to PVS2 can cause chemical toxicity. Dehydration time of explants at 0°C reduces the toxicity of vitrification solution and increase exposure time to PVS2 solution 14 . Germination of non-cryopreserved and cryopreserved seeds decreased when the exposure time to PVS2 solution www.scienceasia.org increased. Increasing the expose time to PVS2 solution to 210 min resulted in a decline in cryopreserved seed germination to 7.5% and 6.1%, respectively, when treated with or without LS, respectively. Optimizing the time of exposure to PVS2 solution is the most important for immature seed germination after cryopreservation by vitrification (Fig. 2) . Immature seeds were cooled in liquid nitrogen after dehydration with PVS2 solution for 0-210 min on ice without LS treatment. The highest germination of non-cryopreserved and cryopreserved seeds was 13.9% and 10.8% when exposure to PVS2 solution for 120 min and 90 min, respectively. When seeds were treated with LS solution, the highest germination of non-cryopreserved seed was 7.2% without dehydration with PVS2 solution. Germination of cryopreserved seeds increased rapidly with increasing dehydration period and reached a maximum of about 13.6% when exposed to PVS2 solution for 180 min and then the germination decreased at 210 min due to the toxicity of PVS2 solution.
Development of protocorms
The growth and development of protocorms from non-cryopreserved and cryopreserved seeds is shown in Fig. 3 . The size of protocorms increased with increasing time of sowing on solidified ND medium. There were no significant differences in size and number of protocorms developed from non-cryopreserved (Fig. 3a-c ) and cryopreserved seeds (Fig. 3d-e) . Protocorms began to elongate within 150 days of sowing and developed shoots within 180 days of sowing. Protocorms of V. tricolor have ability to form new protocorms (Fig. 4a-e) .
After 180 days of sowing, formation of new protocorms and number of new protocorms per seed were observed. Protocorms of non-cryopreserved and cryopreserved seeds developed into normal seedlings (one shoot/seed) about 65-96% and formed new protocorms about 4-35%. The number of new protocorms increased with increasing time of sowing. A protocorm formed 2-14 new protocorms per seed. After 180 days of sowing, protocorms that formed one shoot were separated, and then transferred to fresh solidified ND medium without plant growth regulator (BA and NAA). There were no significant differences between the growth of seedlings derived from noncryopreserved and cryopreserved seeds.
CONCLUSIONS
This study showed that liquid nitrogen induced the germination of V. tricolor mature seeds. Liquid nitrogen did not affect growth and development of protocorms from cryopreserved seeds when compared with non-cryopreserved seeds. This method may be applicable to induce seed germination of other orchid species. 
